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Abstract 
Friction stir processing (FSP) was used to modify the microstructure in 316L austenitic stainless steel. FSP was successfully 
applied on 6 mm thick plate using a 16 mm diameter cylindrical WC-3%Co tool with rotating and traverse speeds of 315 rpm and 
31.5 mm/min, respectively. Grain refinement, microstructural control and the related recrystallization mechanisms were 
characterized using optical microscopy and FE-SEM. The results indicated that the nanograins with 50-200 nm in size have been 
achieved from base material with grain sizes of 30-40 μm. The restoration mechanism responsible for the formation of 
nanostructure is likely to be discontinuous dynamic recrystallization (DDRX). Decreasing the grain size during FSP led to 
considerable improvement of surface mechanical properties such as twofold increase in wear resistance and threefold increase in 
surface hardness. There was a continuous decrease in hardness from the nanograin sized stir zone with 510 HV towards the base 
material with 180 HV. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Friction stir processing (FSP) is a relatively new solid-state process as a generic tool for microstructural 
modification, Mishra and Mahoney (2001), developed based on the principle of friction stir welding (FSW), Mishra 
and Ma (2005). In fact, FSP has been found to be useful for grain refinement and has been suggested as a technique 
for producing ultra-fine grain (UFG) and even nanograin (NG) materials. FSP involves a traversing rotating tool that 
produces intense plastic deformation through a stirring action. In this case, the rotating tool is plunged in a 
monolithic workpiece for localized microstructural modification for specific property enhancement. During the FSP, 
the temperature of workpiece is locally raised up to 0.6-0.8Tm which softens the material around the pin. 
Combination of tool rotation and translation leads to movement of material from the front of the pin to its back. At 
such high temperature, the material is easily plasticized resulting in the formation of fine grains via dynamic 
recrystallization (DRX) or dynamic recovery (DRV), Mishra and Ma (2005), Chabok and Dehghani (2010). It is 
well known that the stir zone (SZ) consists of fine and equiaxed grains produced due to the DRX that exhibit 
superior mechanical properties such as enhanced hardness and wear resistant comparing to conventional coarse 
grain structures, Mehranfar and Dehghani (2011). 
Austenitic stainless steels are widely used in components designed for high temperature applications such as 
boilers, heat exchangers, chemical reactors, petrochemical and nuclear industries mainly because they have excellent 
high temperature and corrosion resistance. This can be attributed to the formation of a thin, adherent and self-
healing ‘passive film’ on the surface in most environments. However austenitic stainless steels are characterized by 
low surface hardness and poor tribological properties in terms of mediocre wear and erosion resistance, high and 
unstable friction qualities and a significant tendency to adhesive wear or galling, Dong et al. (2006). In the present 
study, an attempt has been made to refine the grain sizes and consequently to enhance the hardness and wear 
resistance of 316L austenitic stainless steel using FSP. 
2. Experimental Procedure 
The material used in this work was a 6 mm thick plate of 316L austenitic stainless steel with dimensions of 
6ൈ150ൈ100 mm. The chemical composition of this plate is summarized in Table 1. 
     Table 1. Chemical composition of the studied 316L austenitic stainless steel (wt%). 
C Si Mn P Cr Mo Ni Al Co Cu W Fe 
0.026 0.3 1.28 0.03 16.20 2.06 10.0 0.026 0.05 0.35 0.06 Base 
 
In order to avoid of the enhanced wear of tools, it is important to select the tool materials with a good wear 
resistance and enough toughness for working at high temperature, Chabok and Dehghani (2010). In this regards, a 
tool fabricated from WC-3%Co and consisted of a shoulder having a diameter of 16 mm, without pin and with a tilt 
angle of 3 degree were used to perform FSP. A single pass friction stir process with a tool rotating rate of 315 rpm, 
traverse speed of 31.5 mm/min and plung depth of 500 μm in room temperature was performed to the surface of the 
plate. Fig. 1 shows the schematic illustration of the FSP setup in the present work. After process, the plate was 
cooled in air to room temperature. The friction stir and base material samples were cross-sectioned perpendicular to 
the FSP direction and prepared for metallography which consisted of mechanical grinding with water abrasive paper 
and mechanical polishing with up to 250 nm colloidal alumina solution. The specimens were etched electrolytically 
in a solution of 60% vol. HNO3 in distilled water with a power supply set to 1.5 V for 45 s. 
Microstructural observations were characterized by optical microscopy (OM) and scanning electron microscopy 
(SEM) equipped with an energy-dispersive X-ray spectroscopy (EDS) analysis system. The field emission scanning 
electron microscope (FESEM) analyses were performed using a SIGMA IGNA-VP-2011. Vickers microhardness 
was performed through Micromet1-Buehler Ltd using a load of 200 gF with 15 s loading time. 
The wear behavior of the base metal and FSPed specimens were evaluated using a pin-on-disk tribometer in air at 
room temperature. The pin specimens of 5 mm diameter were cut from the surface of base metal and FSPed sample, 
with the axis of the pin perpendicular to the FSP direction. The counterpart discs were made of AISI D3 steel with 
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hardness of about 60 HRC and surface roughness of 0.2 μm. The tests were carried out under dry sliding conditions 
for 1800 m with a constant normal load of 1.5 KgF and sliding velocity of 50 cm/s. Wear tests were interrupted at 
certain intervals to determine the progress of wear. At each interval, the samples cleaned in acetone and the wear 
weight loss was measured with an accuracy of ±0.01 mg. The friction force and the coefficient of friction were 
recorded automatically against sliding distance by the tester software. 
 
 
Fig. 1. Schematic illustration of the FSP setup. 
3. Results and Discussion 
Figure 2a is an optical macrograph showing a low magnification overview of the cross section of single-pass 
FSPed. Four distinct zones can be identified after the process, i.e. the stir zone (SZ), the thermo-mechanically 
affected zone (TMAZ), the heat affected zone (HAZ) and the base metal (BM). The BM has an annealed coarse 
grain structure with the average grain size of 30-40 μm. The different zones can be seen from the Fig. 2b and c. 
These regions can show distinct characteristics on the advancing side (AS) and the retreating side (RS) since the 
FSP produces an asymmetrical distribution of friction and deformation in the nugget zone, Mishra and Mahoney 
(2007). 
Optical microscopy of the SZ revealed a high density of fine equiaxed grain structure, as shown in Fig. 3a. The 
grains in TMAZ region can be seen to deflect upward toward the center of SZ from the horizontal orientation in the 
HAZ and BM (Fig. 3b). It has been recognized that it is difficult to delineate the HAZ/TMAZ boundaries in steels as 
a result of the phase transformations, Ozekcin et al. (2004). Thus the locations of these boundaries in this work are 
based on the contrast observed in the macro images. At higher magnifications, more details of SZ can be seen in the 
FESEM images (Fig. 4). This presents the formation of nanograins in the processed zone more precisely. The 
thickness of formed nanograin region is about 30 μm with the grains ranging 50 to 200 nm, as shown in Fig. 4b. 
Earlier some results were reported on the effect of FSP on the microstructure of 316L austenitic stainless steel, 
Chen et al. (2012). The material characteristics can influence significantly the dominate restoration mechanism. The 
foremost of these are the staking fault energy (SFE) and the purity level of materials. The 316L austenitic stainless 
steel is among the low SFE. Thus, discontinuous dynamic recrystallization (DDRX) can act as the possible 
restoration mechanisms to refine the microstructure during FSP. Although the occurrence of DDRX is most likely 
during FSP, other mechanisms may contribute in the formation of nanograins as well. Combination of severe strain, 
elevated temperature and high strain rate determine the size of grains formed by FSP, Chabok and Dehghani (2010). 
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Fig. 2. Optical macro- and micrographs of the cross section at the single-pass FSPed 316L austenitic stainless steel, showing the different 
microstructural zones. (a) Macrograph of the whole processed region; (b) detail of the square shown in (a); (c) base metal with the average grain 
size of 30-40 μm. No significant corrosion pits were observed after etching. 
   
Fig. 3. Micrograph of, (a) SZ; (b) TMAZ. 
   
Fig. 4. (a) FESEM micrograph of the SZ, presenting the formation of nanograins on the top surface by FSP; (b) more details of (a). 
In order to examine the property variations across the FSPed region, the microhardness at 1.5 mm from the 
surface was measured for the depth profile, as shown in Fig. 5a. There is almost a three times increase in 
microhardness from 180 to 510 HV by the microstructural change of the annealed structure to the FSPed region 
(Fig. 5b). By contrast, there is a continuous decrease in the size of grains from the BM to the surface. The increase 
in hardness can be attributed to the significant grain refinement of the initial untreated structure to the nanograins 
having the average size of 50-200 nm. In the other hand, according to the well-known Hall-Petch equation, the 
changes in hardness are inversely proportional to variation of the size of grains formed by FSP. Therefore, the 
smaller the grain size, the higher the hardness will be, Chabok and Dehghani (2010). Furthermore, the maximum 
hardness of the processed zone was at advancing side (about 510 HV), due to the smaller grain size (50-200 nm). 
Indeed, the AS achieved higher levels of deformation and temperature during the process, which allowed a higher 
recrystallization potential, and so, a more severe grain refinement, Sato et al. (2005). 
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Figure 6a shows the variation of weight loss as a function of sliding distance for BM and FSPed samples. It can 
be seen that FSPed sample showed a remarkable improvement in the wear resistance when compared with the BM 
sample. The variations of friction coefficient with sliding distance are presented in Fig. 6b. As can be seen, the 
FSPed sample exhibits lower coefficient of friction than BM sample. 
   
Fig. 5. (a) Microhardness horizontal profile of the surface of the FSPed region; (b) Microhardness depth profile of the cross section of the FSPed 
region. 
 
    
Fig. 6. (a) Variation of weight loss with the sliding distance showing the wear resistance of FSPed sample; (b) variations of friction coefficient 
with the sliding distance of BM and FSPed sample. 
Differences in extent of localized plastic deformation at real contact areas may lead to the difference in friction 
coefficient. Since the FSPed surface is harder, less plastic deformation and hence lower friction is expected. It is 
evident that the extent of adhesive and abrasive wear decreased in FSPed sample due to a comparatively lower 
coefficient of friction and higher hardness, respectively, Aldajah et al. (2009). 
4. Conclusion 
Friction stir processing resulted in a remarkable homogenization and grain refinement of 316L austenitic stainless 
steel, and consequently the improvement of the surface mechanical properties such as hardness and wear resistance 
improved significantly. FSP produced a nanograin region with the grains of 50-200 nm on the surface of a 
workpiece. The restoration mechanism responsible for the formation of nanostructure is likely to be DDRX. A 
threefold increase in the surface microhardness can enhance the surface-dependent properties such as wear 
resistance involved in the industrial applications of this steel. FSP led to the decrease in the friction coefficient of 
BM so the wear resistance of the FSPed sample increased two times. 
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